The objective of the study was to assess the levels of contamination by heavy metals near the Algiers metropolis, using a combination of chemical and toxicological data gained from analyses of sediments and biological parameters characteristic of the sea urchin, Paracentrotus lividus. Zinc, lead, cadmium, copper, and iron concentrations were determined in sediments and in sea urchin gonads. Sediment toxicity was assessed by bioassay based on the larval development of sea urchins. The most numerous larval abnormalities were found in a site near Algiers identified as highly polluted by lead. The levels of the other metals across the study area fell within the background concentrations reported in the literature for the Mediterranean Sea, with the exception of zinc, which showed high values in female gonads.
Introduction
The Atlantic-Mediterranean sea urchin Paracentrotus lividus is distributed from Ireland to southern Morocco, and throughout the Mediterranean Sea. Its ecological role as an opportunist is important in different ecosystems. For example, in the Mediterranean Sea, through its grazing activity, P. lividus locally controls the dynamics of seaweeds (see review by Lozano et al., 1995) and seagrasses (see review by Tomas et al., 2004) . However, in coastal zones, its morphology, biology, and demography (Harmelin et al., 1981; Delmas and Régis, 1984; Pancucci et al., 1993) and therefore its long-term ecological role can be influenced by human activities. Because of its sedentary habits and acknowledged sensitivity to pollutants, it has been used in several studies as a biological -biochemical indicator of local pollution (Warnau et al., 1998; Coteur et al., 2001; Bayed et al., 2005) . Moreover, the sensitivity of its embryos and larvae has prompted its use in embryotoxicity tests (Hagström and Lönning, 1973; Pagano et al., 1986; Warnau et al., 1996) . Additionally, assessing the embryonic and larval development of sea urchins is among the toxicity assays used in monitoring and risk assessment programmes (see review of Beiras et al., 2003) .
Along the coast of Algeria, P. lividus is a dominant species of shallow-water ecosystems, and up to 25 animals can be found per square metre (Semroud, 1993) . It colonizes different biotopes, such as Posidonia oceanica and Cymodocea nodosa meadows, rocky substrata with photophile algae, and overgrazed rocky substrata (Semroud, 1993; Guettaf et al., 2000) , and it lives from the low-water limit to a depth of $10 m (Dieuzeide, 1933; Semroud, 1993) .
Around the Bay of Algiers, the human population is exposed to anthropogenic disturbance of different origins. Indeed, more than 4.3 million people (950 habitants km 22 ) live within the metropolitan district of Algiers in a coastal zone 115 km long. Moreover, 1000 companies have activities in the fields of metalworking, building materials, petrochemistry, pharmaceuticals, mechanical, electrical and electronic engineering industries, food and paper production (Larid, 2003; PAC, 2005) . In other respects, two rivers flow into the Bay of Algiers, El Hamiz and El Harrach (970 km 2 ; 6 m 3 h 21 ); the latter drains the domestic and industrial wastewaters of the city of Algiers itself, and just 8% of the wastewater discharged into the bay (225 million m 3 year
21
) is treated (PAC, 2005) . The greatest pollutant flow along the Algerian coasts (100 000 t year 21 of organic chemical compounds, 175 000 t year 21 of suspended matter, 1500 t year 21 of nitrogen, and 4000 t year 21 of phosphorus) is discharged into the marine area impacted by the Algiers metropolis (Larid, 2003) . In 2004, bathing was prohibited from 46 beaches inside the bay. The marine ecosystem is seriously affected by the pollution, and a decrease in biodiversity of 14% for the species of major ecological interest has been documented (PAC, 2005) .
The objective of this study was to assess marine pollution by heavy metals in the area from a combination of chemical and toxicological data acquired through analyses of sediments and the gonads of the sea urchin, P. lividus, supplemented with embryo/larva sediment toxicity bioassays. The toxicity of the metal bioavailable fraction was detected by abnormalities in the development of P. lividus because the species is a known indicator of metal contamination and can accumulate metals as a function of the contamination level of the environment (Warnau et al., 1998) . The results of bioassays were compared with those from the analysis of metal contamination in the sediments and in the gonads of adult sea urchins inhabiting the sediments, which had been tested previously. Three field sites near the Bay of Algiers were chosen according to potential sources of pollution, to classify them as a function of environmental quality.
Material and methods

Sampling sites
Two of the three field sites, Algiers Beach and Tamentfoust, are located in the Bay of Algiers; the third, Sidi-Fredj, is situated at the north of the Bay of Bou-Ismail (east of the Bay of Algiers) (Figure 1 ). Of the three, Algiers Beach is the closest to the Algiers metropolis; its habitat consists of a mixture of photophile algae-covered rocks and degraded P. oceanica meadows. Tamentfoust is situated in a semi-closed creek with overgrazed rocks and a few, sparse P. oceanica beds. Sidi-Fredj shelters a thalassotherapy centre; the site is less impacted by pollution than the Bay of Algiers (PAC, 2005) , because it is farther from the very industrialized area and from El Hamiz and El Harrach rivers. Although the P. oceanica beds present there are in better health than those in the Bay of Algiers, they are regressing progressively (PAC, 2005) .
Collection and preparation of samples
In March 2002, 40 sea urchins 45 -65 mm in diameter were sampled from each field site by scuba diving at 1 -5 m. March falls in the time of year when gonads start to mature (Semroud and Kada, 1987; Guettaf et al., 2000) , before the spawning which tends at least partially to eliminate the metal load in the gonad (Warnau et al., 1998) .
Immediately following their collection, sea urchin test diameters were measured in the laboratory and dissected. After their sex had been determined, the gonads were dried at 608C for 48 h, then stored separately in hermetically sealed polyethylene containers. All contact with the urchins was with stainless steel instruments.
At the same time as the sampling, the upper 2-cm layer of the sediments inhabited by sea urchins was collected by coring (5 cm diameter). Then, the samples were placed into sealed polyethylene bags placed on ice to be brought back to the laboratory where they were immediately dried at 608C for 48 h until constant weight before storage, at room temperature, in hermetically-sealed polyethylene containers.
Metal analysis
The concentrations of zinc (Zn), lead (Pb), cadmium (Cd), copper (Cu), and iron (Fe) were measured in urchin gonads and in sediments according to the method described by Coteur et al. (2003) . As the sediment was heterogeneous and comprised mainly large gravel, only the portion with grains ,1 mm was kept; here we term it the "total fraction". Metal concentrations were also measured in the fraction containing grains ,63 mm (the silt-clay fraction) known to accumulate organic matter and heavy metals preferentially. Pb, Cd, and Cu concentrations were determined by graphite-furnace electrothermic atomic absorption spectrometry performed on a Varian GTA100 SpectrAA640Z spectrometer. Zn and Fe concentrations were measured by flame atomic absorption spectrometry on a GBC 906AA spectrometer. The accuracy of the method was assessed using certified reference material (Mytilus edulis tissues, BCR number 278R from the Community Bureau of Reference, Brussels, Belgium). Detection limits for Zn, Pb, Cd, Cu, and Fe were 0.002, 0.014, 0.001, 0.002, Figure 1 . Location of the three sampling sites: Algiers Beach, Tamentfoust, and Sidi-Fredj.
Sea urchins as bioindicators of seawater pollution near Algiers and 0.004 mg of metal per millilitre of digested sample, respectively.
The gonads of ten male and ten female urchins per site were analysed. For the sediment, 3-8 replicates of the total fraction and 0 -3 replicates of the fraction ,63 mm were used because the silt-clay fraction was very low in the sediment of some sites.
Bioassays of embryos and larvae
The toxicity of the sediments at the three field sites was assessed by embryo -larval bioassays in May 2003. The seawater used in the tests was collected at Luc-sur-Mer (Normandy, France) in front of the marine station, because this site is used as reference by the scientists of the Laboratory of Marine Biology of ULB (the Free University of Brussels, Belgium), where the metal analyses were performed. The seawater salinity was 33. Before analysis, the seawater was allowed to decant for 48 h, then filtered through a 0.22-mm membrane and stored at 20 + 18C (i.e. it was filtered seawater, FSW). Adult P. lividus were collected intertidally from a reference population inhabiting the rocky basins of Morgat (Bay of Douarnenez, Brittany, France), where the salinity was 34 in May 2003. Individuals were transferred to the cultivation system of the marine laboratory of the University of MonsHainaut, Belgium (UMH). For the embryotoxicity test, the reference sediment was sampled at Wimereux (Nord-Pas-de-Calais, France) in the same way as the Algerian sediment samples.
The embryo-larval bioassays were performed at the Mons-Hainaut laboratory; they were based on the method described by Coteur et al. (2003) . Spawning was induced by injection of 20 ml g 21 of KCl 0.5 N through the peristomial membrane. Gametes from three female and three male sea urchins were collected in FSW, and their quality (i.e. the overall shape of eggs, and the sperm motility) was checked under an Olympus TO41 inverted light microscope. Eggs from each female were fertilized with sperm taken from a pool of sperm from the three males. Embryos at the early gastrula stage (4 -5 h after fertilization at 14 + 18C) were mixed before the bioassays. Experiments with embryos were performed in 4 Â 6-well plates (Falcon, with one plate per site [Alger Plage, Tamentfoust, Sidi-Fredj, and Wimereux (reference)]; each well was filled with 0.1 g of dried sediment before addition of 10 ml of FWS before the bioassay. One plate filled with only FWS was used as control. At the beginning of the bioassay, batches of 250 -300 embryos were transferred to each well. After 72 h at 14 + 18C, larvae were fixed by addition of 1 ml of formalin (commercial solution, 35%) to each well before storage of the plates for 2 h at 708C. This protocol leads to perfect preservation of the larvae. The plates with fixed larvae were then stored at 48C. The frequency of developmental stages was scored on a random sample of 100 larvae per well under an inverted light microscope. When the sediment is relatively coarse, larvae are easily distinguishable between the grains; in fine sands, larvae were characterized after re-suspension by shaking the sample. The larvae were then classified into four groups according to the morphological criteria adapted from Warnau and Pagano (1994) : normal plutei ("Normal", N), retarded plutei presenting a delayed development ("Retarded", R), abnormal plutei with skeletal malformations and/or gut abnormalities ("Pathologic 1", P1), and embryos whose development ended at the blastula or gastrula stage ("Pathologic 2", P2). The rates of "Viable" larvae given later were obtained by summing the rates of "Normal" and "Retarded" larvae from each batch.
Statistical analyses
After arcsine transformation, the developmental rates of normal and viable larvae were compared using a one-way analysis of variance (ANOVA), followed with a Bonferroni test (Zar, 1996) . Dunnett's tests were used for comparing the rates measured with the rates of the corresponding controls (Zar, 1996) . Significant differences were determined at the 95% level. Contamination levels in gonads were compared by two-way ANOVA and a Tukey HSD (honestly significant difference) multiple mean comparison test (effects: sex and sampling site).
Existence of a relationship between the levels of contamination by metals in the gonads and sediments and the percentage of abnormal and viable larvae was investigated by factor analysis, using a principal-component method with an extraction matrix based on Pearson correlation coefficients and the "varimax" method of factor rotation.
Results
Levels of contamination in sediment and sea urchin gonads
The importance of the fraction of sediment ,63 mm depended on the site; it accounted for 0.03%, 0.26%, and 1.56% of the total fraction at Tamentfoust, Sidi-Fredj, and Algiers Beach, respectively, explaining the lack or scarcity (1) of replicates at Tamentfoust and Sidi-Fredj (Table 1 ). The sediment from Algiers Beach, as expected, contained more silt-clay than the other ones. Tables 1 and 2 list the concentrations of heavy metals found in the sediments (total fraction and fraction , 63 mm). Statistical analyses for further comparison of metal contents were made on only the total fraction because of the scarcity of replicates at Tamentfoust and Sidi-Fredj. Fe, Pb, and Zn concentrations in the total fraction of sediments differed with sampling site (Table  2) . Algiers Beach was the site most significantly contaminated by Pb, but it also had the lowest concentrations of Fe and Zn. Fe concentrations were significantly higher in the sediments from Sidi-Fredj. Table 3 shows the concentrations in heavy metals measured in the gonads of sea urchins. Table 4 the Tukey HSD test carried out after the ANOVA to rank the sites by increasing level of contamination. There was no significant variation in the concentrations of Pb and Cu by sex. However, Zn and Cd levels, unlike Cu, were significantly higher in female gonads than in male gonads. Moreover, the results highlight the fact that Pb, Fe, and Cu concentrations in sea urchin gonads are dependent on field site. Our finding a sex-dependence in terms of Cu concentration led us to perform a one-way ANOVA with sex as factor for intercomparison of the field sites. From that test, we concluded that sea urchins from Sidi-Fredj were the most contaminated, with concentrations significantly higher than in female sea urchins from Tamentfoust (p , 0.05) and male sea urchins from Algiers Beach (p , 0.005).
Development of embryos and larvae
Figure 2 is a comparison of the rates with which normal (N) and viable (B) larvae are found at the three sites. The percentages of normal and viable larvae found decreased when embryos were exposed to sediments from Algiers Beach (one-way ANOVA followed by a Bonferroni's test, p ¼ 0.05). Table 5 lists the frequencies with which the different classes of larvae were found by site and in the controls. The low rate at which normal larvae were found after exposure to sediments from Algiers Beach (Dunnett's test, p , 10 24 ) was related to an increase with which abnormal plutei (P1) and retarded plutei (R) were found; the high rate with which retarded plutei were found (47.8 + 13.5) explains why the rate of viable plutei (NþR) in Figure 2 was rather high (68.33%).
Integrated data analysis
The factor analysis presented in Figure 3 was carried out to investigate possible relationships between metal concentrations in sediments as well as in male and female gonads, and the percentages of "viable" (healthy) and abnormal (P1) larvae. Succinctly, two factors are represented by the x-and y-axes; the variables were distributed along the axes according to their correlation coefficients for each factor. The first two factors accounted for 99.9% of the total variance in the data. Figure 3 shows that along the x-axis, Fe, Cu, and Zn concentrations in sediments opposed Cd and Pb concentrations in sediments. Moreover, depending on which metal was being studied, the strength of the relationship between the concentration of metal in sediments and the concentrations in male and female gonads was more or less marked. For example, Figure 3 indicates a strong relationship between Pb levels in sediments and in both types of gonads, whereas for Cd and Cu concentrations, the relationship is strong only between the male gonads and the sediments. Along the x-axis, the percentage of viable larvae is related to Fe, Cu, and Zn concentrations in the sediments, but less to Pb and Cd concentrations in sediments and gonads. This suggests a strongly negative interaction between Pb and Cd and the percentage of viable larvae. In terms of abnormal larvae, there is a strong relationship between Pb and Cd concentrations in the sediments and the gonads.
Zn concentrations in male and female gonads and Fe concentrations in female gonads lie at the negative end of the y-axis, whereas Cd and Cu concentrations in female gonads are at the opposite end of the axis. The percentage of viable larvae lies along the negative part of this axis, suggesting negative intercorrelation between this parameter and Cd and Cu concentrations in female gonads.
Discussion
Our study aimed to assess the extent of marine pollution in the neighbourhood of the Bay of Algiers from a set of chemical and Sea urchins as bioindicators of seawater pollution near Algiers toxicological data and using the sea urchin P. lividus as a bioindicator. None of the three sites stood out from the others as having higher concentrations of all metals in the total sediments or in sea urchin tissues. The sediments from Algiers Beach had the highest concentration of Pb but the lowest concentrations of Zn and Fe. In contrast, the highest concentration of Fe was at Sidi-Fredj. Of the three sites, Algiers Beach is richest in silt, and usually the higher the percentage of the fine fraction, the greater the load of heavy metals in the sediments. However, at Algiers Beach, only Pb was at a high concentration. The concentrations of heavy metals in the gonads of sea urchins from Algiers Beach confirmed the results for the sediments: a particularly high concentration of Pb and a low concentration of Fe. Sidi-Fredj had the greatest concentrations of Cu. Cd levels did not vary significantly between field sites. (Buchman, 1999) .
In the gonads, other than for Zn, our conclusions on sediment contamination by heavy metals were confirmed by comparing our data with literature data on P. lividus (Table 6 ), especially the study by Warnau et al. (1998) . The Cd, Cu, and Fe levels in sea urchin gonads from all three sampling sites averaged the same as background concentrations reported for P. lividus gonads. Our study showed no significant difference in Zn concentrations among sites; all values were higher than concentrations estimated for female gonads of Sphaerechinus granularis in the Bay of Brest (between 190 and 700 mg g 21 dry wt) (Guillou et al., 2000) , a bay known to be contaminated by Zn-loaded run-off water because most of the roofs of buildings are made of Zn (Troadec, 1995) . Under such conditions, the low Zn levels found in sediments compared with those in female gonads are intriguing. However, Zn is not a good indicator of pollution because it is an essential element for animal metabolism and can exist at temporarily high concentrations in tissues (Hambridge et al., 1986) . In contrast, the high Pb levels in gonads match the high concentrations in sediments. Of the sites compared in Table 6 , only Rabat (Morocco) had concentrations higher than ours, probably because of the extensive pottery activity there and the absence of efficient wastewater treatment (Bayed et al., 2005) .
The geographical gradient we found in Pb in the sediments agrees with the gradient of metal accumulation in the gonads; both highlight Algiers Beach as the most heavily contaminated site in terms of Pb. However, the differences between sites in Figure 2 . Percentages (mean + s.d.) of (a) normal and (b) viable larvae of Paracentrotus lividus after exposition to dried sediments and control throughout embryogenesis (72 h). Six replicates by exposure, 100 larvae scored by replicate. For each species, there were no significant differences between the series designated by the same letter (one-way ANOVA followed by a Bonferroni's test, p ¼ 0.05). terms of Fe and Zn concentrations in tissues and those in sediments are anomalous. In our opinion, the differences result from (i) a difference in the bioavailability of these metals, (ii) differences in the accumulation patterns of essential elements such as Fe and Zn against other metals, or (iii) the high risk of error in measuring metal concentrations in biota when the concentrations of Fe, Zn, and Cu in the sediments are very low. The high contamination of Pb at Algiers Beach shown by sediment and gonad analyses is confirmed by the results of a recent study of the water and stream sediments of Oued El Harrach (Yoshida et al., 2005) . According to those authors, Pb concentrations are in the range 21 -41 mg g 21 dry wt in the sediments from the Oued mouth, close to the values we found in terms of the total fraction of Algiers Beach sediments (39.6 mg g 21 dry wt). It is therefore likely that the Pb pollution results from the discharge of untreated industrial wastewater.
The results of the bioassays showed that Algiers Beach was the only site where toxins affected sea urchin embryos, with 24.3% being abnormal larvae (vs. 7.9 + 2.8% for the other sites) and 47.8% of retarded larvae (vs. 22.56 + 4.4% for the other sites). No difference was detected between the two other Algerian sites, the reference site (Wimereux) and the control. According to Kobayashi's (1991) criteria, the level of normal plutei from Algiers Beach (20.5%) indicates strong inhibition of sea urchin development attributable to a marked environmental disturbance. The viability of larvae appeared to be negatively dependent on Pb concentrations in male and female gonads, which were positively correlated with the Pb concentration in the total fraction of the sediments. The positive relationship deduced from the integrated data analysis found between the rates at which viable larvae were found and Cu, Fe, and Zn concentrations would not be sufficient to demonstrate a positive effect of these metals on larval Sea urchins as bioindicators of seawater pollution near Algiers development, but rather the lack of a negative effect attributable to low concentrations of these metals. At Tamentfoust, located in a semi-enclosed creek a little farther than Algiers Beach from the Oued El Harrach, the slight accumulation of Pb in sediments and tissues and the lack of larval abnormalities both support the hypothesis of local pollution of Algiers Beach by Pb. Moreover, because of its location, Tamentfoust may be protected from marine and sediment flows from the Oued. The criteria in use in this study did not allow us to discriminate between Sidi-Fredj and Tamentfoust, although the former was expected to be less polluted by heavy metals because of its location far from the highly industrialized area impacted by the Algiers metropolis.
In conclusion, our study has confirmed the relationships between developmental abnormalities of sea urchins, the bioaccumulation of metals, and their contamination of sediments, at least where metal concentrations in the sediments were sufficiently high. Our investigations led us to discriminate one toxic metal (Pb) at concentrations sufficiently high in sediments and gonads of sea urchins from Algiers Beach to explain the poor sea urchin larval development observed in situ (DS, pers. obs.). However, the intensity of the biological impact at that site does not rule out the possibility that other pollutants could be involved. Our method could be improved by increasing the number of toxins analysed, and by extending metal analysis to other sea urchin storage organs, such as the gut, to determine whether heavy metals are also accumulated there (Warnau et al., 1998; Guillou et al., 2000) .
